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New approaches in target design have increased the pos-
sibility that useful fusion power can be generated with sub-MJ
lasers. We have performed many 1D and 2D simulations that
examine the characteristics of target designs for sub-MJ lasers.
These designs use the recently-proposed shock-ignition target
scheme, which utilizes a separate high-intensity pulse to induce
ignition. A promising feature of these designs is their signif-
icantly higher gains at lower energies (one dimensional (1D)
gain ∼ 100 at Elaser ∼ 250kJ) than can be expected for the con-
ventional central ignition scheme. The results of these simula-
tions are shown and we discuss the implications for target fab-
rication and laser design. Of particular interest are the con-
straints on the target and laser from asymmetries due to target
imperfections and laser imprint.

I. INTRODUCTION

Direct-drive laser inertial confinement fusion promises high
gains for relatively modest laser energy. The conventional
scheme involves directly illuminating a hollow DT sphere with
some combination of laser beams, heating and ablating the exte-
rior of the pellet, then compressing and accelerating it inwards
to stagnation. The stagnation process creates an igniting hot
spot and further compresses and burns the relatively cold fuel
around it, leading to a release of fusion energy. In the past, the
minimum drive energy needed to produce gains high enough for
commercial applications of fusion power was thought to be of
order of a few MJ1–5. Recent research, however, has shown that
sub-MJ laser drivers may also be useful on the path to practica-
ble fusion power.

A 500 kJ facility, called the Fusion Test Facility6 has been
proposed to develop both the technology and the science of fu-
sion power. This facility relies on the short wavelength KrF
laser to produce the high drive pressures and implosion veloci-
ties necessary to ignite conventional direct-drive fusion targets
while minimizing risk from hydrodynamic and laser plasma in-
stabilities (LPI). Although not a high-gain facility projected to
produce commercial fusion power, the expected gains from tar-
gets designed for this facility are high enough7 (gains ∼ 50) to
provide relevant engineering and physics proofs-of-principle for
follow-on commercial applications. Recently, a new inertial fu-
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FIG. 1: The baseline target used in this study consists of a DT ice
layer surrounded by an embedded low-density (100mg/cm3) plastic
foam layer. The target is driven by a short wavelength (0.25µm) KrF
laser with a relaxation-type adiabat shaping pulse and uses two zooms
(reductions of the laser spot dimensions during the implosion).

sion scheme has been proposed8 that would enhance the utility
of this kind of facility. This new concept is known as shock ig-
nition, and it has the potential to produce even higher gains at
this scale. Additionally, the unique capabilities required by this
concept can best be provided with short wavelength, flexibly fo-
cused lasers like KrF drivers.

Shock ignition designs compress and accelerate the fuel in
the conventional way, but do not produce implosion velocities
high enough to ignite the target. Instead, a short spike of laser
energy is used at the end of the pulse to launch a strong shock
converging inward to the compressed core. This shock interacts
with the outward going stagnation-driven shock to further com-
press and heat the core to ignition. The compression and the
ignition of the pellet are thus separately controlled by the com-
pression and the ignition pulses, and the freedom to optimize
them separately allows the possibility of achieving higher gains.
The capabilities needed by this concept, good light absorption
and efficient laser-plasma coupling at very high intensities are
enhanced by the high absorption efficiency and laser spot zoom-
ing provided by KrF.
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FIG. 2: (a) The gain varies as a function of spike ignitor timing, spike peak power, and spike FHWM pulse width, when using a compression power
of 72.5 TW. The pulse shape is shown in (b), and (c) a slice of the data with spike width fixed at 200 psec, as a function of of spike timing and
power, shows peak gains near 100. The pulse compression power was also varied to produce a fourth dimension which is not shown here.

II. BASIC PELLET DESIGN

The target consists of a DT-ice inner core surrounded by
an ablator made of low density (100 mg/cc) plastic foam into
which liquid DT has been wicked up and frozen. The plastic
foam serves as both a structural element for the target and in-
creases the collisional absorption of the light. Because the com-
pression pulse needn’t accelerate the pellet to high velocities,
the initial aspect ratio of the pellet can be rather small (∼ 2.5).
This provides more thickness for the incoming pellet shell to
resist deterioration and breakup from the Rayleigh-Taylor insta-
bility. The baseline pellet for these studies is shown in Fig. 1.
In actual manufacture, there will also be a thin CH layer en-
capsulating the pellet to provide a vapor barrier for the frozen
DT within. This thin layer is ignored here to simplify the sim-
ulations; its presence is not expected to appreciably modify the
results shown here. The laser pulse for this pellet was designed
using the relaxation pulse ideas from Betti et al.9. This pulse is
designed to provide tailoring of the pellet adiabat by impulsively
shock heating the outside ablator and allowing it to decompress
before applying the main pulse. This increases ablative stabi-
lization of the Rayleigh-Taylor and Richtmyer-Meshkov insta-
bilities and reduces the growth of short wavelength implosion
asymmetries. The amplitude of the pulse foot, which produces
a shock of about 3 Mbar, was chosen to put the inner fuel on a
low adiabat. The amplitude of the main part of the compression
pulse was initially chosen to produce an implosion velocity of
about 2.5× 107cm/s, which is not enough to produce ignition
by itself. We refer to the pulse without the ignition spike as the
compression pulse.

The compression pulse is tuned by adjusting the power of
the initial relaxation spike (it is Gaussian with a 1/e width of

50 psec), the turn-on time of the main pulse foot following
the relaxation spike, and the time at which the peak compres-
sion power is achieved. This tuning is varied to produce the
minimum fuel adiabat and highest compression as measured by
peak density, pressure, and areal mass of the pellet. The result-
ing maximum intensity during the drive from the compression
pulse alone is ∼ 2× 1015W/cm2. To efficiently use the laser
energy, we “zoom” the laser spot twice during the laser pulse.
It is zoomed first just as the main pulse hits maximum, and is
reduced in size to the critical surface of the pellet at that time
(∼ 63% of the original spot). The second zoom occurs just as
the spike is turned on, and the reduction factor is again chosen
to match the critical surface at that time (∼ 41% of original).

Once this tuning is achieved, an ignition spike is added
to the pulse. The three parameters of the ignition spike –
power, temporal width, and turn-on time (timing) – are stud-
ied by running many simulations with a systematic variation
of those three parameters. A sample result is shown in Fig. 2,
which shows slices from the resulting three-dimensional param-
eter space variation. In general, there is a range of spike timings
that produce a close-to-optimal gain. At this point, the timing
range (the range in spike timing that produces significant gain,
∼ 100 psec for this target) increases with the peak spike power
or its pulse width, both of which increase the energy going into
the igniting shock. These 1D simulations predict that the maxi-
mum gain is near 100 when the laser energy is 250 kJ, of which
75 kJ is borne by the spike ignitor pulse. The ignitor spike power
in this case is 450 TW over the 200 psec pulse width. Significant
gain occurs when the spike has just enough energy to ignite the
pellet (∼ 350 TW); at this power level the spike timing can vary
about ±50 psec before the pellet fails to ignite. A more robust
operating region can be attained by increasing the spike power.
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FIG. 3: The spectra of perturbations for the outer (black line) and in-
ner (gray line) surface perturbations on the pellet. Note that the outer
surface perturbations are highly peaked at the lowest mode numbers
(longest wavelength). The formulas in the figure give the analytic for-
mulae used for the mode amplitudes; the power spectra amplitude is
P2D = (2`+1)r2

`m/4π .

For instance, increasing the power to 600 TW doubles the ex-
tent of spike mistiming that is allowed (see Fig. 2c). This extra
margin of power will also be useful to avoid sensitivity to other
sources of imperfection, such as pellet surface perturbations or
beam mispointing errors. For most of the two-dimensional (2D)
sensitivity studies described later, we use a spike power of 750
TW, which is about twice the minimum ignitor power.

It is not obvious how much energy should be expended
compressing the pellet versus igniting the pellet. We initially
selected the compression power to be that which produced an
implosion velocity of 2.5× 107cm/s without the ignitor spike.
This is significantly less than the implosion velocity needed
to trigger fusion without an ignitor spike (estimated to be ≈
3.5−4×107cm/s). But is it the optimum? To answer this ques-
tion, we also performed a parameter study with other compres-
sion powers while scanning the spike timing/spike power space
(we fixed the FWHM of the spike at 200 ps here). The best gain
is a mildly peaked function of the compression power near its
absolute maximum, which was ∼ 100 at 95 TW of compression
power.

The spike powers used here can give rise to very large in-
tensities in the pellet. These intensities can reach as high as
2− 4× 1016W/cm2, which is well beyond the limit thought to
be safe from deleterious laser plasma instabilities, even for the
short wavelength (0.25 µm) light used here. However, this high
intensity portion occurs only at the very end of the pulse, after
significant compression has occurred due to both shocks and
convergence effects. The areal mass of the pellet is rapidly
rising (with a growth rate ∼ 350psec) and varying between
∼ 0.05− 0.1g/cm2 during the ignitor shock. This areal mass
should be large enough to stop 100 keV electrons. Electrons
of this order of magnitude in energy can be produced by laser
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FIG. 4: The gain of the scale 1 target as a function of ignitor spike tim-
ing and power as predicted by low mode (` < 16) simulations. For com-
parison, the nominal “NIF-spec” level is equivalent to 0.13 g-µm/cm3.

plasma instabilities like the two-plasmon decay instability in the
underdense plasma. However, it is currently unknown how ener-
getic or plentiful the hot electrons will be from such instabilities.
This is an active area of research10–12, but beyond the scope of
this paper.

III. TWO DIMENSIONAL PERTURBATIONS

The next question to be addressed is the sensitivity of the
pellet to 2D perturbations. Such perturbations can produce hy-
drodynamic instabilities in the pellet which will reduce or spoil
the yields. The first type of perturbation we consider is pellet
outer surface finish imperfections. We use a slightly modified
“NIF-spec” surface spectrum13 (Fig. 3), which assumes more
controllable, smaller amplitudes for the lowest modes (` ≤ 4),
although the spectrum still contains ∼ 90% of its power in the
modes ` < 10.

An initial 2D scoping study was done using many low
mode simulations with the outer surface finish as the perturba-
tion source. These simulations used 880 points in the radial
direction and 64 points in the polar angle direction; thus only
modes ` = 2−16 are described with at least 8 points per mode.
(The mode ` = 1 is not initialized in the simulations). A spike
power of 750 TW and pulse width of 250 psec was used. We
varied both the amplitude of the perturbation and the final ig-
nitor shock timing. The simulation results, shown in Fig. 4,
show that the pellet can survive outer surface pellet perturba-
tions of ∼ 1

3 g− µm/cm3 amplitude rms, albeit with reduced
gain and higher sensitivity to ignitor spike timing. (For compar-
ison, the “NIF-spec” amplitude is taken to be 0.13 g−µm/cm3

rms (` = 2−2000) which is ∼ 0.125 µm rms in CH plastic, or
0.49 µm rms in the frozen, wetted CH foam ablator).

These low-mode simulations allow us to assess the influ-
ence of the secularly growing low-mode perturbations, but do
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FIG. 5: For the scale 1 target, the density is shown at a two times during the implosion, and for three different scenarios. The upper images
are at 12.05 nsec, after the ignition shock has been launched and just before shell deceleration, and the lower images are just as the burn begins
(t ∼ 12.4nsec). (Note different scales for upper / lower images). The three cases are for different applied perturbations: (a) outer surface; (b) inner
surface; and (c) ISI laser imprint (300 overlapped beamlets). The 2D gains for these cases are (a) 60; (b) 78; and (c) 69.

not address the important issue of smaller wavelengths which
can grow exponentially and more rapidly due to the Rayleigh-
Taylor instability. Traditionally, these modes are the most dan-
gerous and worrisome perturbations for direct drive because
their amplification factor can peak at 5-6 e-foldings for ` ∼
100− 200.4 The targets here are different because they have a
very low aspect ratio, are driven to relatively low velocities, and
are therefore expected to be less sensitive to these instabilities.
However, the omission of higher modes also neglects the effects
of low-mode coupling to higher spatial frequencies.

To address the stability of the pellet to these high-frequency
perturbations, we also ran high resolution simulations. We
use 2048 points from pole-to-pole to resolve modes from ` =
1−512 with at least 8 points per wavelength. Again, the ` = 1
mode is not seeded. The perturbations due to outer surface per-
turbations, inner surface perturbations, and laser imprint from
optical smoothing were simulated separately to determine their
relative contributions. Fig. 5 shows images of the pellet density
just before deceleration and near burn for each of these pertur-
bations. All sources initially had a “nominal” amplitude – the
outer surface was 0.488 µm rms (in the DT-wetted-foam), the
inner surface was 1 µm rms, and the ISI driven perturbations
were driven by 300 overlapped independent 1 THz ISI beams.
Although all of them achieved a large fraction of the 1D gain,
the outer surface perturbations lead to much larger perturbations
than the other two sources. In addition, for outer surface de-

fects, the dominant structure as the pellet starts to burn is very
low mode (`∼ 5), as seen in the Fig. 5a lower image. The high
frequency mode growth has been suppressed both by ablative
stabilization, the relatively short distance that the pellet shell
accelerates, and the shell thickness (due to the small aspect ra-
tio). The high frequency growth is thus not dominant (see Fig. 5
upper images, which are at times just before deceleration be-
gins), and does not cause significant perturbations to the pellet.
Of these three sources, the outer surface imperfections clearly
result in the largest distortions in these targets.

There are a few reasons for the dominance of the outer sur-
face perturbations in these simulations. First, the outer sur-
face seed perturbations are fully formed at t = 0 (unlike the
laser imprint). Second, they are acted upon immediately by the
laser pulse (unlike the inner surface perturbations, which do not
change until the first shock hits them, and do not cause signif-
icant growth until they can feed-out to the front surface where
the Rayleigh-Taylor instability is active)14. Third, the bulk of
these perturbations are initially low mode (the spectra of both
the inner surface and ISI imprint are much broader bandwidth,
and not concentrated into a small band, c.f. Fig. 3).

Why are low-mode perturbations so clearly dominant dur-
ing the ignition and burn of the pellet? Some of this is because
the high-mode perturbations have been effectively suppressed
by the ablative stabilization, and have had limited growth be-
cause the fuel shell accelerates only a small distance inwards



TABLE I: Target specifications, listed by relative mass. In all cases, the
ablator is made of 100mg/cm3 CH foam wicked with DT and frozen,
the fuel layer is pure DT ice. The simulation parameters listed are those
found in the case of the highest gain.

Scale (relative mass) 1× 2× 5× 8×
Outer Radius (µm) 854 1076 1455 1708
Ablator Thickness (µm) 108 136 177 216
Fuel Thickness (µm) 237 300 407 476
Best gain 101 143 210 243
Elaser (kJ) 231 398 727 1074
Absorption (%) 80 84 87 91
IFAR 21 20 16 14
ρR(g/cm3) 2.4 2.9 3.4 3.4
Spike power (TW) 300 500 450 500
Spike pulse width (ps) 250 250 500 450
Compression power (TW) 95 110 120 160
<adiabat> 2.0 2.0 1.9 1.7
Vimplosion (×107cm/s) 2.8 2.6 2.2 2.2
Spike energy (Espike/Elaser) 0.18 0.20 0.21 0.13

(i.e., it has a low aspect ratio). However, it could also be ex-
pected that this pellet is sensitive to low-mode perturbations
by simply noting the dimensions of the igniting hot spot (low
density area in the middle of the pellet) in the lower images of
Fig. 5. Those hot-spot sizes have a radius of about 20 µm; with
the starting outer radius of 854 µm, this is a convergence ratio
of about 43. This high convergence ratio means that the incom-
ing shell must hit a smaller target (the hot spot) and thus has a
smaller margin of aiming error. The aiming error is determined
by the low-mode asymmetry.

It is not clear if this sensitivity to low modes can be easily
removed from these designs, since the small hot spot is needed
to minimize laser energy. An important advantage of shock ig-
nition depends upon the ability to achieve higher gain by ex-
pending less energy in the ignitor than in conventional central
ignition inertial fusion. Since the ignition energy varies as the
ignitor mass (ρR3

hot−spot ) with the constraint that alpha particle
self-trapping occur (ρRhot−spot ∼ 0.3g/cm2), the ignitor energy
varies as R2

hot−spot and a small (dense) hot spot is always needed
for high gains. Decreasing the convergence ratio to lessen low-
mode sensitivity would lead to using more driver energy to ig-
nite the pellet. It is no coincidence that fast ignition designs
share the same requirement for very small hot-spot dimensions.

The constraints on surface perturbations have been tested
by simulating larger initial perturbation amplitudes. These sim-
ulations are ongoing, but we can report that the inner surface
perturbation level can be as much as 3 µm rms and still not pro-
duce enough asymmetry to significantly destroy the high gain
of this target (the gain drops to 68 at 3 µm rms from 78 at
1 µm rms). However, doubling the level of outer perturbations
to twice the NIF-spec (0.27 g− µm/cm3) prevents the pellet
from igniting. Although the ostensible reason is the larger low-
order modes produced by the larger initial amplitude, the dis-
crepancy of this result with the earlier low-mode studies (Fig. 4)
implies that the added resolution of higher modes contributes to
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FIG. 6: The 1D best gain curve for the shock ignition targets simulated
in this study. Shown for comparison (gray dashed lines) is the “maxi-
mum gain” for a 300 g/cc compressed fast ignition pellet15; the upper
dashed curve corresponds to 0.25 µm and the lower curve to 0.35 µm
laser wavelengths.

this failure. This result is still under study.

IV. ENERGY SCALING

The baseline pellet in Fig. 1 can be scaled up in mass by
factors of 2, 5, and 8 to produce larger pellets at higher energies
(Table I). The dimensions of each pellet are scaled by the cube
root of the scale factor, and the pulse timings vary roughly by
the same factor. For each pellet, a compression pulse is initially
designed that keeps the fuel on a low adiabat and accelerates the
target shell inward at about 2.5×107cm/s. The intensity of the
first foot is kept the same (the power scaling as mass2/3). Again,
we extensively search the spike timing/power/pulse-width space
to determine a maximum gain, along with another search (usu-
ally at a single representative pulse width) while varying the
compression pulse peak power. The results here summarize the
output of a few thousand 1D runs that were done over all the
scales and energies. Qualitatively, the behavior is quite similar
to the results described for the baseline target. Quantitatively,
the most significant parameter to change is the gain of the tar-
get. The gain curve giving the best gain cases is plotted in Fig 6,
and the results are summarized in Table I.

To put these results in context, we compare the gains to
those projected for fast ignition (FI). FI is another inertial fusion
concept that takes advantage of the separation of pellet compres-
sion and ignition to minimize the energy involved in ignition
and to produce higher gains. In FI, the compression phase is the
same as in the shock ignition approach; the difference is that the
ignition occurs through an intense focused beam of high-energy
particles instead of shock heating. It is thus natural to won-
der how these concepts compare. For comparison purposes, the
shock ignition gain in Fig. 6 is plotted along with fast-ignition
gain estimates from Eqn. (10) in the paper by Betti et al.15. This



TABLE II: Comparison of the scale 1 target design driven by KrF (0.25 µm wavelength) light, Nd:Glass (frequency tripled 0.35 µm wavelength)
light, and Nd:Glass light without zooming. The “compress. only” columns refer to the parameters of the design when the ignitor spike is removed.

KrF glass glass
0.25 µm 0.35 µm 0.35 µm

zoom zoom no zoom
compress w/spike compress w/spike compress w/spike

only ignitor only ignitor only ignitor
Energy (kJ) 170 230 280 450 360 640
gain – 92 – 55 – 33
absorption (%) 87 77 70 55 55 39
max. power (TW) 73 400 120 1000 220 1600
max. intensity (×1015W/cm2) 2.5 16 3.2 31 2.8 22
max. velocity (×107cm/s) 2.5 2.8 2.5 2.8 2.5 2.8
max. ρR(g/cm2) 1.7 2.3 1.6 2.5 1.6 2.3

FI analysis predicts “maximum gain” curves for certain fast ig-
nition directly-driven targets. The two curves in Fig. 6 show
the theoretically expected maximum gain in a 300 g/cc ischoric
fast ignition assembly directly compressed by either a 0.35 µm
or 0.25 µm wavelength laser. (In that theoretical analysis, the
ignitor energy is assumed to be negligible and laser zooming is
not considered). The gains found here with the shock-ignition
targets are comparable to the gain from those fast-ignition sce-
narios.

V. SHOCK IGNITION WITH ND:GLASS LASERS

We have also considered the use of a Nd:glass driver instead
of the KrF laser driver. The shorter KrF wavelength has several
advantages for the target physics: it allows higher absorption,
drive pressure, mass ablation rate, and hydrodynamic efficiency
than the longer wavelength glass laser. Also, the ability to zoom
the laser spot during the implosion further maximizes the cou-
pling; zooming is more difficult (although not impossible) for
glass lasers. However, many of the laser facilities in the world
are still based on Nd:glass drivers, so it is useful to look at the
relative advantages and disadvantages of these features. (Other
characteristics such as driver efficiency, optics complexity, and
cost will also factor into driver wavelength comparisons, but
they are not addressed here.)

The scale 1 target was taken as the baseline, and 1D simu-
lations were used to examine the tradeoffs. There were two sce-
narios examined: the first changed the wavelength of the drive
to 0.35 µm, and the second changed both the wavelength and
also removed the ability of the laser to zoom. To produce a fair
comparison, the glass laser drive was modified in both cases to
produce as closely as possible the same drive pressure as the
KrF laser, and thus should produce other parameters (e.g., com-
pressed areal mass, shock timing, adiabat, and pellet yield) that
are as similar as possible. Table II summarizes the results of the
comparison. The energy penalty for the relatively small change
in laser wavelength is considerable: almost twice as much en-
ergy is needed at the 0.35 µm wavelength, even allowing the
glass laser to zoom. (It has been suggested that zooming may
be accomplished with glass lasers, e.g. the French LMF facility,

by using different beams for the different zoom times. Although
this is possible, it places additional restrictions on the use of the
laser power.16)

Another concern with the longer laser wavelength is the
higher maximum intensity that must be used to create the high
pressures needed in shock ignition. This is due to both the de-
crease in hydrodynamic efficiency (the mean absorption den-
sity scales as ∼ λ−2) and the reduced absorption (the reduced
density and the concomitant higher temperatures in the plasma
corona give lower absorption). Very simply, LPI problems in-
crease in severity when either the intensity or the laser wave-
length is increased. A simple measure of the threat level is
given by the product of the intensity and the square of the laser
wavelength, Iλ 2 (which is proportional to the nonlinear pon-
deromotive force that drives the LPI). This product is signifi-
cantly higher for the glass laser scenarios, even during the com-
pression phase of the laser drive when the target is much more
sensitive to hot electrons. Consequently the glass laser designs
may need lower intensities, and thus lower drive pressures and
larger aspect ratio pellets. However, this would result in an in-
creased risk of hydrodynamic instability.

VI. CONCLUSIONS

We have presented high-gain designs for direct-drive iner-
tial fusion pellets at energies of 0.2 - 1.2 MJ, based on the re-
cently proposed shock ignition concept. These designs rely on
the short-wavelength drive (0.25 µm) of a KrF laser and on the
ability to change the focal spot size by a factor of about two dur-
ing the implosion. These features allow efficient coupling of the
laser energy to the pellet and minimize the laser energy needed
to achieve high gain.

Our results show that these targets have the potential to pro-
duce high gain, even with less than 500 kJ of drive energy. Ex-
tensive simulations, varying the spike power, spike pulse width,
timing, and the compression power, were done to find the op-
timum conditions for the target ignition and gain. The require-
ments on the pulse intensity and sensitivity to pulse timing are
within achievable ranges. Significant laser-plasma instabilities
can be expected during the final high intensity ignitor spike, but



it is currently unknown whether this will be helpful or harmful.
Two dimensional simulations indicate that target robustness

shrinks as the perturbation levels are increased, as expected. The
simulations also indicate that neither the inner surface pertur-
bation levels nor the laser imprint appears to be the major con-
straining factor in these designs. Instead, given the expected sur-
face finish spectra, the outer surface perturbations are the dom-
inant source in constraining the gain. Each perturbation source,
considered individually and at its nominally achievable level,
produces only modest gain degradation in the target. Simula-
tions are underway to determine the limits on these sources, and
to assess the behavior when they act together.

The sensitivity to the low-mode-dominant outer surface
spectra, along with the relatively high convergence ratios that

are characteristic of these low energy designs, indicate that other
low-mode asymmetries (e.g., beam configuration, power imbal-
ance, and misaiming error) may also be important in determin-
ing the performance of these targets. These factors are currently
under study.
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